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Infrared spectra are reported of methanol adsorbed at 295 K on reduced Cu/SiO, and on Cu/SiO, which had 
been preoxidised by exposure to excess nitrous oxide. Methanol was chemisorbed on reduced Cu/SiO, to give 
methoxy species on both silica and copper, gave a trace of formate on copper via reaction with residual surface 
oxygen, and was weakly adsorbed at SiOH sites on the silica support. Heating the adsorbed species at 393 K led 
to the loss of methoxy groups on copper and the concomitant formation of a bidentate surface formate. Heating 
reduced Cu/SiO, in methanol at 538 K initially gave both gaseous and adsorbed (on Cu) methyl formate which 
subsequently decomposed to CO and hydrogen. The reactions of methanol with oxidised Cu/SiO, were similar 
to those for the reduced catalyst although surface oxygen promoted the formation of surface methoxy groups on 
copper. Subsequent heating at 393 K led first to unidentate formate before the appearance of bidentate formate. 
The mechanism of methanol synthesis from CO-C0,-H, 
mixtures over Cu/ZnO catalysts remains uncertain. '-' It is 
widely accepted that copper crystallites are the main source 
of catalytic activity in the industrial ~ y s t e m . ~ . ~  Consequently, 
it is important to characterise fully the interactions with 
copper surfaces of possible intermediates involved in meth- 
anol synthesis. The adsorption of methanol has received con- 
siderable although studies have been 
complicated by methanol interactions with alumina' ' and 
also zinc oxide.' 
Investigations involving copper single crystals suggest that 
the adsorption of methanol leads to a chemisorbed methoxy 
 specie^.'^-'^ However, there is contention as to whether the 
methoxy species is orientated with its 0-C axis normal to 
the surface16 or tilted.' 7 * 1 8  Bowker et aL3 dosed methanol 
onto a polycrystalline copper catalyst at room temperature 
and deduced from temperature-programmed reaction spec- 
troscopy that the methoxy species formed was desorbed at 
340 K. Additionally, a formate species was identified by the 
characteristic coincident desorption of CO, and H, at 440 K. 
In accordance with previous observations by Wachs and 
Madix,lg formate resulted from oxidation of a methoxy 
species to formaldehyde, and then subsequently to formate. 
Minachev et al." suggested that apart from the reverse 
methanol synthesis reaction occurring, 
CH,OH + 0, + CO, + 2H, 
it is also possible for methanol to undergo a bimolecular 
interaction to produce methyl formate. 
2CH,OH + HCOOCH, + 2H, 
Infrared spectroscopy has been used to identify adsorbed 
species resulting from methanol adsorption and reaction over 
transition-metal oxides.,' This paper is concerned with infra- 
red study of methanol adsorption and decomposition on 
reduced and surface-oxidised Cu/SiO, catalysts prepared 
from copper@) acetate monohydrate precursor. 
Experimental 
A detailed description of both catalyst preparation and the 
apparatus used to record infrared spectra has been presented 
elsewhere.,' Briefly, silica (Cab-0-Sil M5 200 m2 g-') was 
impregnated with an aqueous solution of copper(I1) acetate 
monohydrate (BDH AnalaR grade) and subsequently dried in 
air at 383 K for 5 h. A self-supporting disc was calcined in 
oxygen (50 cm3 min-') at 623 K for 1 h, and then reduced at 
623 K in hydrogen for 18 h, to produce a catalyst containing 
5 wt.% copper on silica. To ensure removal of adsorbed 
hydrogen and water, the catalyst was then evacuated at 623 
K for 1 h. Re-oxidation of the copper to a surface Cu,O 
species, was performed by contacting ca. 13 kPa of N,O 
(BDH 99.6%) with the catalyst at 348 K for 15 min, followed 
by evacuation at 348 K for 5 min. Methanol (BDH AnalaR 
grade, 99.8%) and methyl formate (Aldrich, 99%) were puri- 
fied by a series of freeze-thaw cycles under vacuum to 
remove dissolved gases. 
Spectra are presented after subtraction of the background 
spectrum before the admission of adsorbate to the infrared 
cell. All spectra were recorded with the sample at ca. 295 K. 
Results and Discussion 
Adsorption of Methanol on the Reduced Catalyst 
Fig. 1 displays the spectra obtained on dosing methanol at 
increasing pressures on a reduced Cu/SiO, catalyst at 295 K. 
In the CH stretching region bands appeared at 2997, 2955, 
2923(sh), 2845 and 2812 cm-', and as the methanol exposure 
was increased the peak at 2812 cm-' coalesced with the band 
at 2845 cm- '. A distinction between chemisorbed and physi- 
sorbed species was identified by desorption experiments. 
Upon evacuation at 295 K bands remained at ca. 2990 (vw, 
sh), 2955, 2926, 2890, 2856 and 2815 cm-' (Fig. 2). Compar- 
able spectra resulting from methanol adsorption on silica 
alone (Fig. 3) did not contain the band at 2815 cm-', but 
gave a similar pattern of five bands to the result for Cu/SiO, , 
although the bands for silica and Cu/SiO, were in different 
spectral positions. For methanol desorbed from silica alone 
the bands were at 3000, 2963, 2931, 2887 and 2861 cm-'. 
Morrow2, observed similar bands on contacting methanol 
with silica. The peaks at 2963 and 2861 cm- ' were ascribed 
to an SiOCH, species, and this is in agreement with other 
authors.,, However, the remaining bands are not as posi- 
tively assigned, and could be due to either combination 
bands or perhaps another orientation of SiOCH, . 22 Borello 
et reported bands for physisorbed methanol on silica at 
Pu
bl
ish
ed
 o
n 
01
 Ja
nu
ar
y 
19
91
. D
ow
nl
oa
de
d 
by
 Q
ue
en
sla
nd
 U
niv
ers
ity
 of
 T
ec
hn
olo
gy
 on
 21
/08
/20
13
 03
:45
:52
. 
View Article Online / Journal Homepage / Table of Contents for this issue
2796 
I I 
J. CHEM. SOC. FARADAY TRANS., 1991, VOL. 87 
1.10 I I I 
0 a- 
3100 3000 2900 2800 1600 I500 1400 
wavenu rn ber/cm - ’ 
I0 
Fig. 1 Infrared spectra of methanol adsorbed on reduced Cu/SiO, at (a)-@ increasing pressures up to (d) 0.3 kPa 
1.10, I I I 
0 88c ;d 0 3  0 2  
0. I 
01 
0. c 
0 I I 
10 1500 1400 30 
wavenum ber/cm - ’ 
Fig. 2 
min 
Spectra of methanol on reduced Cu/SiO, (a), same as in Fig. 1(d), followed by (b)-(e) evacuation (295 K) for (b) 0.5, (c) 2, (d) 5 and (e) 10 
2950 and 2845 cm-’ which correspond to the present bands 
at 2955 and 2845 cm- ’ for reduced silica and Cu/SiO, cata- 
lysts in the presence of methanol vapour. 
Bands arising from chemisorbed species at 2955 and 2856 
cm-’ on the reduced catalyst (Fig. 2) are assigned to asym- 
metric and symmetric CH stretching vibrations of 
SiOCH3. 24 The bands at 2926 and 2815 cm-I appear only 
in the presence of copper. Similar bands have been detected 
using EELS at 2910 and 2830 cm-’ on Cu(100) by Sexton,” 
and at 2940 and 2840 cm-’ on Cu(ll0) by Sexton et a1.26 
These were attributed to the asymmetric and symmetric CH 
stretching vibrations of an adsorbed methoxy species. The 
peaks at 2926 and 2815 cm-’ are therefore ascribed to 
methoxy groups chemisorbed on polycrystalline copper. 
The orientation of the methoxy species on copper surfaces 
is a subject of Of the two possible orientations, I 
and 11, it is here proposed that I1 is more plausible, assuming 
the applicability of the infrared surface selection rule which 
states that vibrational modes which consist only of com- 
ponents parallel to the surface are ‘screened’. For structure I 
the asymmetric CH stretching vibration is parallel to the 
surface and therefore should be absent. Even taking into 
account the possible partial breakdown of the surface selec- 
tion rule because of surface roughness or small particle size in 
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Fig. 3 Infrared spectra of methanol adsorbed on reduced silica at (a)-(f) increasing pressures up to ( f )  0.8 kPa 
the present samples, it is difficult to see how the band due to 
the asymmetric CH stretch could be of the same intensity as 
the symmetric CH stretch band observed here. In contrast, 
structure I1 contains the C-0  bond of the methoxy group at 
an angle to the surface and therefore activates both the asym- 
metric and symmetric CH stretching  vibration^.^^ 
y 3  
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c u  
I 
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In the 160&1300 cm-' region of the spectrum (Fig. 1) 
bands developed at 1467,1451,1397 and 1349(sh) cm-' upon 
exposure of reduced Cu/Si02 to methanol. Although broadly 
similar to the spectra of methanol adsorbed on SiO, alone, 
the relevant desorption spectra for silica and Cu/Si02 were 
significantly different. Evacuation of methanol from silica 
alone (Fig. 4) resulted in the substantial reduction of bands at 
1474(sh), 1467 and 1451 cm-' and an attenuation of the 
broad maximum at 1376 cm-'. The infrared spectrum of 
methanol displays three SCHJ modes at 1474, 1466 and 1450 
cm-' 22 and therefore the bands at 1474(sh), 1467 and 1451 
cm- ' are ascribed to methanol weakly adsorbed on silica via 
hydrogen-bonding interactions. Bands also remained at 1509, 
1492, 1467, 1386(sh), 1371 and 1348(sh) cm-' [Fig. 4(d)] .  The 
infrared spectrum of gaseous methanol contains a strong 
band at 1346 cm-' ascribed to an OH in-plane bending 
mode.28 Therefore, by analogy, the peaks at 1386(sh), 1371 
and 1348(sh) cm-', are assigned to similar vibrations of 
adsorbed methanol. The presence of apparently strongly 
bound molecular methanol has already been noted by 
Borello et aL2' This species was determined to be methanol 
adsorbed by means of more than one hydrogen bond to the 
silica surface. Furthermore, we propose that this type of 
interaction occurs mainly in the pore structure of silica. Cre- 
, 
dence to this theory is given by previous studies concerning 
the measurement of the surface areas of the catalysts used in 
this i n~es t iga t ion .~~  Comparison of the total surface area for 
silica with that for the copper-containing catalyst, as deter- 
mined by the technique of frontal chromatography, suggested 
that the addition of copper caused substantial reduction in 
the pore volume for silica. The result for the reduced Cu/Si02 
catalyst, which showed no evidence for such strongly held 
physisorbed methanol, is in accordance with these findings. 
The desorption of weakly adsorbed methanol from the 
reduced Cu/Si02 catalyst (Fig. 2) revealed only compara- 
tively weak bands at 1467, 1443 and 1350 cm-'. The band at 
1350 cm-' with a band at ca. 1550 (vw) cm-' is ascribed to a 
trace of adsorbed bidentate formate on copper.30 Similar 
infrared bands due to formate species have been observed for 
methanol adsorbed on copper(r1) oxide at 298 K 2 0  The oxi- 
dation of methanol to surface formate here would require a 
low residual surface concentration of oxygen on the reduced 
catalyst and may occur via a form of adsorbed formal- 
dehyde." Adsorbed formate on copper would not be 
expected to be desorbed as carbon dioxide and hydrogen 
below ca. 440 K.3 The band at 1443 cm-' for Cu/Si02 was 
also not present for silica alone and compares with bands, 
ascribed to CH, bending vibrations of methoxy groups on 
copper, at 1460 and 1450 cm-' for Cu(110)26 and C U ( ~ O O ) , ~ ~  
respectively. A similar assignment for the present band at 
1443 cm-' is consistent with the effect of heat treatment on 
the copper-methoxy species. The band at 1467 cm-' is 
assigned to a bending mode of SiOMe.24 
Adsorption of Methanol on a Re-oxidised Catalyst 
A reduced copper catalyst was exposed to nitrous oxide at 
348 K in order to obtain a catalyst that is wholly oxidised to 
C u 2 0  at the surface. Addition of methanol to the oxidised 
catalyst (Fig. 5) resulted in spectra which are very similar to 
those for adsorption of methanol on the reduced surface (Fig. 
1). However, differences exist between the corresponding 
desorption spectra (Fig. 6). In the CH stretching region dis- 
tinct bands remain at 3000, 2956, 2930, 2850 and 2821 cm-'. 
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Fig. 4 Desorption of methanol from silica by evacuation (295 K) for (a) 0.5, (b) 1.5, (c) 3 and (d) 13 min 
1-L '.%-, '--*-, 
0 
31 00 3000 2900 3 0  1600 I500 1400 1300 
Fig. 5 Infrared spectra of Cu/SiO, which had been pretreated with nitrous oxide before (a)-(e) exposure to methanol at increasing pressures up 
to (e) 0.3 kPa 
As above, the peaks at 2956 and 2850 cm- ' are attributed to 
SiOCH, species, and the bands at 2930 and 2821 cm-' are 
ascribed to methoxy groups on copper. 
The quantity of methoxy species formed on the oxidised 
catalyst is greater than for the reduced surface. This pro- 
moting effect of adsorbed oxygen on methanol chemisorption 
was observed by Wachs and Madix," and results from the 
promotion by surface oxygen of the removal of the methanol 
hydroxyl protons. 
Decomposition of Adsorbed Methoxy Species at 393 K 
The investigations of Bowker et aL3 suggest that methoxy 
groups generated on a copper surface are oxidised to a 
formate species upon heating. Fig. 7 shows spectra of a 
reduced copper catalyst which had been exposed to methanol 
vapour [Fig. l(d)], evacuated at 295 K [Fig. 2(e)] and then 
heated at 393 K. An intense maximum appearing at 1352 
cm-' was accompanied by shoulders at 1343 and 1367 cm-' 
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Fig. 6 Spectra of methanol on oxidised Cu/SiO, (a)  same as in Fig. 5(e), followed by (b), (c) evacuation for 0.5 and 1.5 min, respectively 
I i  
-0.2: 
3100 3000 2 900 2800 
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Fig. 7 
methanol (0.3 kPa) and evacuation (10 min) at 295 K 
Spectral changes induced by heat treatment of reduced Cu/SiO, at 393 K for (a) 3.5, (b) 7, (c) 17 and (d) 40 min after pretreatment with 
and an envelope of bands at ca. 1557 cm-'. The peaks at 
1352 and 1557 cm- ' are characteristic of a bidentate formate 
species III on copper.30 
cu+ cu+ 
111 
The shoulder at 1343 cm-' may be due to bidentate 
formate formation on low-index planes of copper. The peak 
at 1363 cm-' resembles the band at 1371 cm-' obtained by 
dosing methanol onto silica alone [Fig. 4(6)]. As the time of 
heating at 393 K was increased, a loss of intensity of the band 
at 1443 cm- ' was observed, consistent with the assignment of 
this peak to a methoxy species on copper. 
Examination of the CH stretching region reveals the 
gradual disappearance of three bands at 2921,2890 and 2814 
cm-', and the growth of peaks at 2952,2936 and 2853 cm-'. 
Apparently, the band at 2890 cm-' is a vibration of a 
methoxy species, whose presence was masked in the spectra 
recorded during adsorption (Fig. 1). Ryberg2' identified three 
bands at 2901,2861 and 2787 cm-' due to CH vibrations of 
methoxy species on Cu(100). The bands at 2901 and 2861 
cm- ' were attributed to the splitting of the degeneracy of the 
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0.12- 
asymmetric CH stretching modes of methoxy species on 
copper. However, an alternative attribution to overtones of 
methyl deformation vibrations has been suggested for similar 
bands for methanol adsorbed on Cu( 11 l).31 
When formic acid was adsorbed on a reduced copper cata- 
lyst, bands due to a bidentate formate were detected at 2937 
and 2857 cm-'.30 These closely resemble the present bands 
at 2936 and 2853 cm-' (Fig. 7) confirming that bidentate 
formate was a product of the thermal treatment of methanol 
adsorbed on Cu/SiO, at 373 K. However, the band at 2853 
cm-' was more intense, relative to the band at 2936 cm-', 
than would be expected if it could be wholly attributed to 
adsorbed formate. A contribution to the band at 2853 cm-' 
could have arisen from the physisorption of methanol on 
silica. The latter would also account for the maxima at 2952 
and 1363 cm-' (Fig. 7). 
Spectroscopic effects similar to those observed for reduced 
Cu/SiO, were obtained when an oxidised copper catalyst, 
which had been exposed to methanol [Fig. 5(e)] and evacu- 
ated at 295 K [Fig. qc)], was heated at 393 K (Fig. 8). In the 
CH stretching region the only significant difference was that 
a greater number of methoxy species were lost, thus support- 
ing the contention that methoxy-group formation was pro- 
moted by pre-oxidation of the copper surface. One important 
difference between the results for reduced (Fig. 7) and oxi- 
dised Cu/SiO, (Fig. 8) is that the spectra for the latter con- 
tained a band at 1574 cm-' which has previously been 
attributed to the C=O stretching vibration of unidentate 
formate w 3 0  
1 I 
1 
heating times of bands at 1352 and 1559 cm-' [Fig. 8(e)] due 
to bidentate formate. 
Methanol is oxidised on copper surfaces first to formal- 
dehyde, which is desorbed at temperatures as low as 343 K, 
and then to f ~ r r n a t e . ' ~ . ~ ~  Rapid oxidation of formaldehyde to 
formate also occurs on the present copper catalysts.33 The 
present results are therefore explicable in terms of a mechan- 
ism whereby methanol is adsorbed onto oxidised or reduced 
copper to give methoxy species, which under high- 
temperature conditions are precursors of adsorbed formal- 
dehyde. Mechanisms have been given for the 
reaction of formaldehyde with reduced Cu/SiO, to give a 
bidentate copper formate and with oxidised copper to give 
first unidentate formate followed by bidentate formate. The 
oxidation of formaldehyde in these systems probably pro- 
ceeds via a dioxymethylene species V as proposed by Wachs 
and Madix.' 9*34 
H \ C / H  
0' '0 
I I 
I I 
I I 
cu  c u  
V 
Decomposition of Methanol at 538 K 
Minachev et al." have demonstrated that apart from the 
reverse methanol synthesis reaction occurring, there exists the 
possibility of methyl formate production from methanol on 
copper catalysts. The adsorption of methyl formate on the 
present Cu/SiO, catalysts at 300 K results in the formation of 
formate and methoxy groups on copper.33 In order to study 
and methoxy species are destabilised, methanol was adsorbed 
on reduced copper catalyst at 538 K, which is in the tem- 
perature range within which methanol is normally syn- 
thesised (Fig. 9). In the CH stretching region, bands at 3000, 
2956, 2923 and 2850 cm-' decreased in intensity with 
[Fig. 8(a)] preceded the subsequent growth after longer increasing time indicating continual methanol consumption. 
I 
I 
the oxidation of methanol at a temperature at which formate 
-+" 
cu 
I V  
The appearance of the band due to unidentate formate 
-0.021 I I I I 
31 00 3000 2900 2800 
I I I 
1600 1500 1400 1300 
wavenumber/crn - ' 
Fig. 8 
after pretreatment with methanol (0.3 kPa) and evacuation (1.5 min) at 295 K 
Spectral changes induced by heat treatment of pre-oxidised (with N,O) Cu/SiO, at 393 K for (a) 1, (b) 3, (c) 6, (d) 13 and (e) 100 min 
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Initially an intense maximum appeared at 1718 cm-' and 
was accompanied by bands at 1765, 1754 and 1663 cm-'. 
These peaks are characteristic of methyl formate species.35 
The bands at 1765 and 1754 cm-' are due to gaseous methyl 
formate, and the peaks at 1718 and 1663 cm-' to methyl 
formate adsorbed on silica and copper, respectively. The 
infrared bands due to methyl formate were greatly reduced in 
intensity with increasing reaction time. 
The decomposition of methanol and methyl formate was 
accompanied by the steady growth of bands due to adsorbed 
CO on copper. A band at 2077 cm-' developed into a strong 
peak at 2091 cm-' and a shoulder at 2067 cm-' after 105 
min. This behaviour is the opposite of that observed when 
carbon monoxide was exposed to a reduced copper cata- 
lyst." Normally carbon monoxide is adsorbed on a high- 
index plane of copper, and then on low-index planes. In 
0.40, I I 
0 1 
3100 3000 2900 2t 
1.10, I 
contrast, here the low-index planes are occupied initially as 
displayed by the presence of the band at 2077 cm- '. A plaus- 
ible conclusion would be that it is methoxy groups on the 
low-index planes of copper which preferentially react before 
those on the higher-index planes. Only a relatively small 
amount of gaseous and physisorbed CO,  was produced, as 
evidenced by the weak bands at 2359 and 2343 cm-'. When 
formate species are decomposed on copper surfaces, CO, and 
H, are the only products," and so the CO present cannot 
have been produced from formate. However, it is known that 
methyl formate decomposition can yield CO," thereby offer- 
ing a possible explanation for the formation of CO observed 
in these spectra. Heat treatment of Cu/SiO, in methanol also 
gave bands at 1461, 1438, 1381 and 1343 cm-' (Fig. 9). 
Methyl formate was weakly adsorbed on silica giving peaks 
at 1456, 1438 and 1382 cm-', 33 with the 1438 cm-' band 
O3Or------ 0 24 
0 18 i 
I 
o i  I I 
0 2400 2230 2 000 
wavenumber/cm -' 
I \ I  
3 1600 I500 1400 I330 
wavenumber/cm-' 
Fig. 9 Spectra of reduced Cu/SiO, exposed to methanol vapour (0.6 kPa, 295 K) followed by heating at 538 K for (a) 5, (b) 15, (c) 39, (d) 69 
and (e) 105 min 
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1 I 
1600 1500 1400 L"0 
wavenumber/cm-' 
Fig. 10 (a) As for Fig. 9(e), followed by cooling to 295 K and evacu- 
ation for (a) 1 and (b) 3 min 
being more intense than the peak at 1456 an-'. This implies 
that the present band at 1461 an-' is superimposed on a 
peak at 1456 cm-' due to methyl formate. The three bands 
attributed to adsorbed methyl formate all decreased in inten- 
sity with increasing reaction time. Previous r e ~ u l t s ~ ' * ~ ~  show 
that the bands at 1461 and 1343 cm-' cannot have arisen 
from the adsorption of CO or CO, . 
Small quantities of dimethyl ether are produced over 
industrial Cu/ZnO/Al,O, ca ta ly~ts .~  Additionally, the 
thermal decomposition of methanol over dehydration cata- 
lysts such as y-alumina gwes appreciable amounts of 
dimethyl ether.36 In the infrared spectrum of dimethyl ether a 
band is present at 1464 cm-' due to a CH, deformation,,' 
which is remarkably similar to the band at 1461 cm-' in this 
study. The maxima at 1343 and 1461 cm-' are therefore ten- 
tatively ascribed to vibrations of dimethyl ether weakly 
ligated to copper VI. 
H C  3 \ O / C H 3  
I 
I 
I 
c u  
V I  
In accordance with this suggestion, the species responsible for 
the bands at 1343 and 1461 cm-' was readily desorbed by 
evacuation at 295 K (Fig. 10). Furthermore, when fully deu- 
terated methanol was contacted with a reduced Cu/SiO, 
catalyst at 295 K and subsequently heated at 538 K, no 
bands were detected at 1343 and 1461 an-', thus confirming 
that they are due to vibrations of a CH-containing species3* 
and not a CO-containing species such as carboxylate, car- 
bonate or bicarbonate. 
Methyl Formate Decomposition at 538 K 
In order to gain an insight into the mechanism of methanol 
decomposition at 538 K, methyl formate was also studied at 
the same temperature on a reduced catalyst (Fig. 11). In the 
1600-1300 cm-' region, before heat treatment, there are 
bands present at 1358 and ca. 1556 cm-', characteristic of 
bidentate formate species on copper, and bands at 1456, 1438 
and 1382 cm-' due to methyl formate adsorbed on silica.33 
Heating the catalyst led to the rapid disappearance of bands 
due to surface formate and the peaks attributable to methyl 
formate gradually decreased in intensity. These effects were 
accompanied by the appearance of bands at 1462 and 1346 
cm- ' which were themselves drastically reduced in intensity 
after prolonged heating. 
Bands in the carbonyl-stretching region ascribed33 to 
gaseous methyl formate (1765, 1753 cm-') and methyl 
formate associatively adsorbed on silica (1718 an-') and 
copper (1663 cm-') were initially present but decreased in 
intensity with increasing time of heating until no evidence for 
these species could be detected. 
As for the results obtained with methanol, carbon mon- 
oxide formed from the decomposition of methyl formate first 
adsorbed on low-index planes of copper, and then on high- 
index planes as the reaction progressed. Again carbon 
dioxide was produced only as a minor product. 
In the CH-stretching spectral region the only discernible 
features were the fast loss of bands at 2936 and 2853 cm-' 
ascribed to formate, and the comparatively slower disap- 
pearance of peaks at 3045, 3017, 2964, 2951 and 2898(sh) 
cm-' assigned to methyl formate weakly adsorbed on 
silica.33 The latter effect provides a measure of the rate of 
decomposition of methyl formate vapour. 
Two possible reactions exist for the decomposition of 
methyl formate to carbon monoxide.' * 
CH,OOCH e 2CO + 2H, (1) 
CH,OOCH e C 0  + MeOH (2) 
Carbon monoxide was generated in the present systems but 
there was no evidence for the formation of methanol suggest- 
ing that reaction (2) did not contribute significantly to the 
formation of CO. 
Conclusion 
The present results would be consistent with the following 
mechanisms for methanol decomposition at 538 K over 
Cu/SiO, catalysts. 
I 
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(e)  42 and (f) 102 min. The Cu/SiO, was cooled to 295 K before spectroscopic examination 
Spectra of reduced Cu/SiO, (a) exposed to methyl formate vapour (0.3 kPa, 300 K), followed by heating at 538 K for (b) 2, (c) 7, (d) 22, 
The mechanism (3) for methyl formate formation is in 
agreement with the proposal by Monti et Mechanism (4) 
leads to dimethyl ether as a product. These reactions must 
take place in addition to the reverse methanol synthesis reac- 
tion, and the relative proportions of products formed will be 
highly dependent on the conditions used and the exact 
chemical nature of the catalyst employed. 
We thank the S.E.R.C. for a CASE award. 
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